Estradiol is known to impact cognitive function including spatial learning and memory, with studies focused largely on rodent models. Estrogens can be produced peripherally or centrally as neuroestrogens, and the specific role for neuroestrogens in memory processes remains unresolved. Many songbirds possess remarkable spatial memory capabilities and also express the estrogen synthetic enzyme aromatase abundantly in the hippocampus, suggesting that locally-produced estrogens may promote the acquisition or retrieval of spatial memories in these birds. We examined the effect of estradiol on spatial memory in three contexts in the zebra finch: retrieval after discrimination training, retrieval after familiarization but without discrimination training, and memory acquisition, using a combination of estradiol implants and oral dosing with the aromatase inhibitor fadrozole (FAD). Retrieval of spatial memory in both contexts was impaired when estradiol production was blocked. However, spatial memory acquisition was enhanced when estradiol production was inhibited whereas estradiol replacement impaired acquisition. These results provide evidence for a context-specific role of estradiol in songbird spatial memory, results that find accord with some mammalian studies but have not yet been observed in birds.
Introduction
Steroid hormones regulate numerous physiological and behavioral systems, including the neural circuits associated with spatial learning and memory. Spatial memory is reliant on the hippocampus (HP), and both testosterone and estradiol can influence the acquisition, retention, and retrieval of spatial memories (Barha & Galea, 2010; Leonard & Winsauer, 2011; Luine, 1997 Luine, , 2008 . In mammals, these sex steroids stimulate memory acquisition and retrieval in part by increasing dendritic spine density (Luine, 1997; Phan et al., 2012) and synapse formation (Mendez, Garcia-Segura, & Muller, 2011) . In songbirds, estradiol or testosterone implants can also stimulate spatial memory acquisition and increase the size of hippocampal cells, whereas dihydrotestosterone (DHT) has no effect (Oberlander, Schlinger, Clayton, & Saldanha, 2004) . Presumably, testosterone is locally aromatized into estradiol to promote spatial memory acquisition as aromatase is expressed abundantly in the songbird HP (Saldanha, Popper, Micevych, & Schlinger, 1998; Saldanha et al., 2000; Shen, Schlinger, Campagnoni, & Arnold, 1995) . Overall, however, studies examining the effect of estradiol on spatial memory acquisition and retrieval are often contradictory: some identify beneficial effects of estradiol on all aspects of spatial memory, while others indicate that estradiol impairs spatial memory acquisition (e.g., Daniel, Fader, Spencer, & Dohanich, 1997; Gibbs, 2000; Snihur, Hampson, & Cain, 2008) .
Many species of birds exhibit exceptional spatial memory capabilities, especially some food-storing oscine songbirds (e.g., Paridae and Corvidae; Bednekoff, Balda, Kamil, & Hile, 1997; Gould, Ort, & Kamil, 2012; Roth, LaDage, & Pravosudov, 2012; Salwiczek, Watanabe, & Clayton, 2010; Shettleworth, 1990 ), yet relatively few studies have investigated how sex steroids regulate avian spatial memory and cognition. Although the HP differs in structure and position between mammals and birds, it is analogous in function (Colombo & Broadbent, 2000) . For example, lesioning of the songbird HP produces deficits in spatial memory (Bischof, Lieshoff, & Watanabe, 2006; Hampton & Shettleworth, 1996) which are reversed with fetal hippocampal implants (Patel, Clayton, & Krebs, 1997) . In addition, expression of immediate early genes (c-fos and ZENK) is up-regulated in the zebra finch HP during spatial task learning and recall (Mayer, Watanabe, & Bischof, 2010) . Problematically, of the few studies that have examined the effect of sex steroids on spatial memory in birds, testing methodologies, methods of hormone delivery, and subject sex have differed, making
